).
7
TRD is not always a sign of BDMI, but may also arise for various other reasons during 8 development of gametes or after the gametes are formed but before fertilization. The former 9 could be a selfish segregation distorter or meiotic drive system where a certain allele gets 10 transmission advantage over the other e.g. in meiosis of germ cells (reviewed by Lyttle 1991, 11 Werren 2011). Selfish genetic changes have been found, surprisingly often, to be involved in 12 formation of hybrid dysfunction (Presgraves 2010) . Selfish genetic elements and the genomic 13 conflicts they cause have been recognized as important factors in promoting evolutionary change 14 (Werren 2011 ). Presgraves (2010) concluded that intrinsic genomic instability underlies 15 evolution of speciation genes (genes causing hybrid sterility or inviability) more often than 16 classical adaptive incompatibilities developing in both diverging populations. Currently most of 
19
TRD could also be due to other pre-fertilization events such as competition between 20 gametes e.g. variable pollen tube growth rate (reviewed by Howard 1999). In angiosperms 21 competition would be more likely to occur between male gametes, because of their greater 22 number and longer haploid phase compared to female gametes. TRD could also be due solely to Transmission ratios may be distorted due to epistatic interactions not only between 4 nuclear genes, but also between nuclear genes and cytoplasmic factors, such as mitochondrial or 5 chloroplast genes. In order to be able to investigate the role of cytoplasmic factors in generating 6 TRD, one has to perform reciprocal crosses, so that the two reciprocal hybrid progenies share the 
13
Designs of experimental crosses differ, but studies of TRD are usually started with two 14 parents representing different populations, subspecies or species. However, these parents have 15 often been derived from selfed lines. While this simplifies mapping algorithms and increases 16 statistical power to detect TRDL, it provides little information about allelic variation within 17 natural populations (except if several independent crosses were produced). Only a few studies and how the degree of TRD increases with genetic distance between populations.
16
Here we investigate TRD in crosses between isolated populations of Arabidopsis lyrata, 17 and map transmission ratio distorting loci. Earlier studies in this species indicated that TRD is This allows us to investigate whether TRD increases with genetic distance between the 2 populations crossed. 3 We used novel algorithms that allow us to distinguish gametic and zygotic TRD, as well 4 as to detect epistatic two-locus TRD from crosses of outbred individuals. The outbred F 2 design 5 of our crosses (Fig. 1) , with two differently heterozygous F 1 , allows us to evaluate the roles of 6 within-population allelic variation, male and female function, and cytoplasm for TRD loci. Because one of the populations is involved in all of the three crosses, we can also examine 8 whether the same or different genomic regions are associated with TRD when crossed with 9 different populations.
10

MATERIALS AND METHODS
11
Crosses: To study transmission ratio distortion we used genetic marker data from three crosses 12 between different A. lyrata populations. For a cross between Spiterstulen, Norway (Sp) and 13 Mayodan, North Carolina, USA (Ma), crossing details and plant growth conditions are described 14 in Leppälä and Savolainen (2011). In brief, two unrelated plants from both populations were 15 crossed to produce F 1 hybrids (Fig. 1) . The crosses were done reciprocally so that F 1 s carry 16 different cytoplasm. From both crosses one F 1 was used to produce the F 2 generation. Again the 17 crosses were conducted reciprocally to gain F 2 progenies with different cytoplasmic backgrounds 18 (referred as SpMaF 2 when cytoplasm from Sp and MaSpF 2 when cytoplasm from Ma).
19
The same crossing design was used when crossing Spiterstulen with Stubbsand, Sweden 20 (Stu). To make crosses comparable, the same plants from Spiterstulen were used as the parents 21 for the F 1 . They were crossed in the same manner, so that the Sp individual that acted as a pollen 
2
The third cross was conducted between Spiterstulen and Plech, Germany (Pl). For this 3 cross different Sp individuals were used as parents for the F 1 than in the crosses described above.
4
Here the crossing design also differed so that the two Sp parents were used as pollen recipients 5 and the two Pl individuals as pollen donors in both initial crosses to achieve F 1 . The F 1 were 6 crossed as described above to get two F 2 populations, both carrying Sp cytoplasm. To distinguish 7 between the F 2 reciprocal progenies, they will be referred as SpPl2F 2 In the SpMaF 2 , three regions on three chromosomes experienced strong TRD (Supp. Fig.   16 2), of which two (on chromosomes AL1 and AL7) were best explained as gametic. On AL1 17 excessive transmission of the Sp allele by the pollen donor appeared to be the source of most of 18 the distortion (Fig. 3a) , although transmission of the pollen recipient's alleles was biased in the transmitted more its Ma allele at the lower chromosome arm (Fig. 3a) . Two of the three TRD severe than in the pollen donor (Fig. 3a) . The other TRD region that the reciprocal progenies had 4 in common (on AL6) showed single locus zygotic TRD. The two other gametic TRD regions in 5 MaSpF 2 , which were not shared by SpMaF 2 , were on chromosomes AL3 and AL8, and in both 6 these regions the pollen donor transmitted predominantly its Sp allele. parents (AL6) overrepresented (Fig. 3b) . Stu alleles transmitted by both parents in both reciprocal crosses (Fig. 3c) . The other TRD region 21 in StuSpF 2 was on AL6 where both parents transmitted an excess of Stu alleles.
22
Two-locus gametic TRD: We also examined two-locus genotypes for TRD at gametic 1 and zygotic level. We describe here the most significant epistatic interactions where p < 0.0001.
2
In the SpMaF 2, one epistatic gametic interaction was observed in the pollen donor and one in the alleles from the same population were less frequent than expected and gametes combining alleles 12 from different populations were more common.
13
For the reciprocal progeny (MaSpF 2 ) also two significant gametic two-locus interactions 14 were observed. The interactions were different from those in the reciprocal progeny, and both
15
were observed in the pollen donor (SpMaF 1 ) (Supp. Fig. 8 ). The interactions were between AL1
16
and AL4, and AL3 and AL5 (Fig. 4) . Both interactions showed a similar pattern; gametes 17 combining alleles from the different populations (at these interacting loci) were less frequent 18 than expected, and gametes combining alleles from the same population were more common.
19
This was exactly opposite to the pattern observed in the two-locus gametic interactions in the 20 reciprocal F 2 progeny.
21
In the Sp x Pl cross only one, gametic, two-locus interaction (p = 7.7x10 -7 , Supp. alleles from different populations on the same gamete were less frequent than expected.
5
In the Sp x Stu cross one gametic two-locus interaction was found in the pollen donor for combinations were less frequent than expected.
10
Zygotic TRD: Zygotic TRD was rarely detected in these crosses. The strongest single 11 locus zygotic TRD was detected in both Sp x Ma reciprocal progenies, in the top of chromosome 12 AL6 (Supp. Fig. 2 and 3 ). Mainly zygotic factors were involved in this case of TRD: both 13 heterozygotes were less frequent than expected while parental population homozygotes were in 14 excess (Supp. Fig. 2 and 3 ). There might have been some gametic contribution to this case of
15
TRD as the SpMaF 1 parent, when acting as a pollen donor, predominantly transmitted its Sp 16 allele, whereas otherwise allele frequencies were as expected (Fig. 3 ).
17
The other zygotic TRD was a two-locus interaction observed in both reciprocal progenies crosses, but in StuSpF 2 also the upper arm seems to be involved in the interaction (Fig. 4) TRD with genetic distance (Fig. 5) . As is evident from supplementary figure 11, the increase is Stu -crosses this TRD maps onto the same chromosomal region; at the end of the lower 7 chromosome arm (Fig. 2) . In both crosses, at AL1, the Sp-allele had been transmitted less parents (Sp1Pl1) whereas in the Sp x Stu cross both parents were transmitting fewer Sp-alleles -
10
both when acting as pollen donor and recipient. The other chromosome that commonly showed
11
TRD was AL6, but the strongest TRD did not map onto the same regions of the chromosome,
12
suggesting that the loci causing TRD on AL6 differ between crosses. F 2 hybrids did not appear to suffer reduced female fertility, male fertility was strongly affected, 10 and three out of five male fertility QTLs were located in TRD regions. In this cross male fertility 11 was observed to be reduced also in the F 1 generation, but unfortunately the male fertility of the 12 two parental F 1 plants was not studied. Thus both TRD and fertility reductions in A. lyrata 13 appear to be mostly due to problems in male function. This may be connected to haploid (post- has not been thoroughly studied yet (Muralla et al. 2011 ).
18
It is important to note that TRD in male gametes may be due to BDM incompatibilities 19 that reduce fertility, but also to other processes such as pollen competition, or action of 20 segregation distorters or some other meiotic drivers. We cannot distinguish with certainty what 21 process was responsible for TRD in male gametes in our study. The role of pollen competition as 22 a source of gametic TRD could be assessed in future studies with pollen competition or pollen 1 tube growth rate assays.
2
We also detected three sex-independent single-locus transmission ratio distorters where here male function was a source of higher TRD, Fig. 3 ). These could have been caused by sex-7 independent segregation distorter loci that are fixed but suppressed in their population of origin. In one of our reciprocal crosses (Sp difficult to compare the degree of TRD between crosses from different populations or species.
6
As the results of the present study illustrate, TRD may be a single-locus or multiple locus 7 phenomenon, and TRD at any specific locus may emerge from pollen donor, pollen recipient or 
